We review the cellular and physiological mechanisms responsible for the regulation of blood flow in the retina and choroid in health and disease. Due to the intrinsic light sensitivity of the retina and the direct visual accessibility of fundus blood vessels, the eye offers unique opportunities for the non-invasive investigation of mechanisms of blood flow regulation. The ability of the retinal vasculature to regulate its blood flow is contrasted with the far more restricted ability of the choroidal circulation to regulate its blood flow by virtue of the absence of glial cells, the markedly reduced pericyte ensheathment of the choroidal vasculature, and the lack of intermediate filaments in choroidal pericytes. We review the cellular and molecular components of the neurovascular unit in the retina and choroid, techniques for monitoring retinal and choroidal blood flow, responses of the retinal and choroidal circulation to light stimulation, the role of capillaries, astrocytes and pericytes in regulating blood flow, putative signaling mechanisms mediating neurovascular coupling in the retina, and changes that occur in the retinal and choroidal circulation during diabetic retinopathy, age-related macular degeneration, glaucoma, and Alzheimer's disease. We close by discussing issues that remain to be explored.
1. Introduction
Metabolic demands of the retina
The retina has the highest metabolic demands of any tissue in the body (Saari, 1987; Buttery et al., 1991) . Studies utilizing oxygen microelectrodes (Alder et al., 1990) and immunohistochemical visualization of the activity of the enzyme cytochrome oxidase (Buttery et al., 1991) have shown that the outer segments of the photoreceptors are the most metabolically active layer of the retina. Because of the high metabolic activity of the retina, the ability to regulate blood flow is an essential feature of the mammalian retina. The conflicting requirements of sufficient blood supply and minimal interference with the light path to the photoreceptors have been met by the evolution of two vascular supplies e inherent intra-retinal vessels supply the inner two-thirds of the retina, while the choroidal circulation supplies the photoreceptors in the outer one-third of the retina. Further, in the retinas of primates, an avascular region at the fovea further facilitates high acuity vision.
Vascular supply of the retina
The human retinal vasculature is comprised of the central retinal artery, which enters the optic disc through the lamina cribrosa, where it branches into four principal intra-retinal arteries (Fig. 1A) . Whilst termed retinal arteries, even the central retinal artery is only of a caliber of an arteriole and if accurate terminology is used, only retinal arterioles exist, not arteries. The arterioles bifurcate to form smaller arteriole branches and terminal arterioles, which feed into a capillary bed as they extend toward the peripheral retina. Retinal arterioles, due to the higher oxygen content of the blood they carry, are typically surrounded by a capillary-free zone, approximately 30e50 mm in diameter in monkeys (Okada and Ohta, 1994) . The venous system of the retina has a similar arrangement with the central retinal venule leaving the eye through the optic disc to drain venous blood into the cavernous sinus. The terminal branches of the vessels, pre-capillary arterioles and post-capillary venules, are linked through anastomotic capillaries. Retinal capillaries are organized in an interconnecting two-layer network. A superficial layer is located in the nerve fiber and ganglion cell layers and a second lies deeper, in the inner nuclear and outer plexiform layers.
In the mammalian retina, the vasculature in the nerve fiber and ganglion cell layers is known as the inner (or superficial) plexus, while the inner nuclear and outer plexiform layers receive blood from the deeper plexus located at the junction between them (Figs. 1B and 2A). The superficial plexus, contains arterioles, venules, and capillaries, while the deep vascular bed consists predominantly of capillary-sized vessels. Both the superficial and deep retinal plexus reach almost to the edge of the human (Fig. 2C ) (Hughes et al., 2000; Chan-Ling et al., 2004a) , cat (Chan-Ling et al., 1990) , rat ( Fig. 2D) and mouse retina (Dorrell et al., 2002) , except for a small avascular rim. The fovea, found only in primates, is also avascular; the thinness of the retina in this region permits adequate retinal oxygenation via the choroidal circulation (Engerman, 1976) . The superior and inferior temporal vessels deviate in their paths to bypass the fovea and minimize their density in the temporal raphe region (Fig. 1A) .
A third intra-retinal plexus, reported in the cat and human retina and known as the radial peripapillary capillaries (RPCs), is located in the nerve fiber layer in a small rim surrounding the optic nerve head (Chan-Ling et al., 1990; Hughes et al., 2000) . These RPCs are located superficially around the optic nerve head, where the nerve fiber bundles are thickest, prior to exiting the retina (Henkind, 1967) . Fig. 2C shows the extent of the RPC's surrounding the optic nerve head in the human. For detailed reviews of the retinal vasculature, see Chan-Ling (2008) , Pournaras et al. (2008) , Riva et al. (2011) .
Fine structure of retinal vessels
In the human, the walls of the largest arterioles, near the optic disc, are comprised of five to seven layers of smooth muscle cells (tunica media). Smooth muscle actin filaments extend circumferentially around the retinal arterioles (Fig. 3A) . After several branchings of the vascular network, the number of layers diminishes to just one or two in the retinal periphery. In retinal arterioles, the smooth muscle cells are orientated both circularly and longitudinally, each being surrounded by a basal lamina that contains an increasing amount of collagen toward the acellular adventitia (the tunica externa); reviewed in Pournaras et al. (2008) . Endothelial cells (part of the tunica interna) are orientated longitudinally along the axis of the vessel and share their basement membrane with adjacent smooth muscle cells and pericytes. This basement membrane is composed of collagen IV, fibronectin, laminin, matrix metalloproteinases (MMPs-2, MMPs-9) and serine proteinase urokinase (UPA) and acts as an important regulatory matrix for the passage and sequestration of vasoactive agents and pro-survival growth factors; reviewed in Archer et al. (2007) . In the smallest pre-capillary arterioles, the distribution of smooth muscle cells is frequently sporadic. Contrary to other vascular networks, the human retina lacks pre-capillary sphincters (Henkind and De Oliveira, 1968) and therefore the retinal capillaries are continuously perfused.
The capillary unit consists of a continuous endothelium and intramural pericytes, which extend longitudinally along the capillary (Hughes and Chan-Ling, 2004) (Fig. 3B ). Both cell types are in direct communication via gap junctional complexes (Oku et al., 2001 ) and share a common basement membrane. Regarding pericyte-to-endothelial cell ratios, a recent study of the human retina, utilizing ultrastructural criteria, showed a 94.5% frequency of pericyte coverage on human retinal capillaries (Chan-Ling et al., 2011b) . Therefore, the retinal microvasculature is characterized by a uniquely high density of pericytes, substantially greater than that of human choriocapillaris, with an 11% relative frequency of pericyte coverage (Tilton et al., 1985; Chan-Ling et al., 2011b) or cerebral capillaries (Frank et al., 1987) . In addition to numerous morphological characteristics, venules can be distinguished from arterioles by the size of the capillary-free zone around them; the zone is narrower around venules (Hogan and Feeney, 1963) . The fine structure of venular muscle cells is similar to that of pericytes. Collagen fibrils are also seen in the outer layers of the basement membrane of these venules, and tend to increase in amount in the larger vessels (Ishikawa, 1963) . Retinal microvessels are notfenestrated and possess tight junctional complexes between the endothelial cells on their luminal aspect. The tight junctions represent the structural component of the inner blood-retinal barrier; for review see Chan-Ling (2006) . Retinal arterioles, venules, and capillaries are closely ensheathed by macroglia. The superficial retinal vasculature is ensheathed by both astrocytes (Fig. 3C ) and Müller cells, whilst the deep vascular plexus is ensheathed solely by Müller glia (Fig. 3D) (Holländer et al., 1991) .
Vascular supply of the choroid
The choroidal circulation is derived primarily from the long and short ciliary arteries with some contribution from the anterior ciliary arteries. Histologically, the choroid is divided into five layers. Starting from the retinal side, these include Bruch's membrane, three vascular layers (the choroicapillaries, Sattler's layer and Haller's layer) and the suprachoroidea (Figs. 1B and 2B). Haller's layer includes large arteries and veins, while Sattler's layer is composed of medium and small arterioles that feed the capillary network of the choriocapillaris and venules. The choroidal arteries arise from the long and short posterior ciliary arteries and branches of Circle of Zinn (around the optic disc). The choriocapillaris is a highly anastomosed network of capillaries (with little or no basement membrane material), forming a dense capillary network opposed to Bruch's membrane. Drainage of blood from the choroid is thought to occur exclusively through the vortex veins that ultimately merge with the ophthalmic vein (Ruskell, 1997) . In contrast to the retina (Fig. 4G ), choroidal microvessels are fenestrated (Bill et al., 1980) , although the fenestrae are not as frequent in choroidal capillaries as in capillaries of other tissues (Chan-Ling et al., 2011a ) (see Fig. 4H inset b). Unlike retinal vessels, the choroidal circulation is under neurogenic control. Sympathetic innervation includes noradrenergic and neuropeptide fibers (Bruun et al., 1984) , whereas the parasympathetic nerves are primarily cholinergic (Bill and Sperber, 1990) . For a comprehensive review on structure and function of the choroid see Nickla and Wallman (2010) .
Although we designate vessels as arteries, arterioles, capillaries, venules and veins, the truth of the matter is that each segment of a vessel represents a continuum of vascular phenotype where the physiological characteristics as well as the proteins expressed and the cellular associations vary continuously along the vessel (Hughes and Chan-Ling, 2004) . Thus, there are vessel segments that have characteristics of both arterioles and capillaries in certain parts of the retinal and choroidal vascular bed.
Development of retinal and choroidal circulation
Concomitant with the maturation of retinal neurons, the retina's vasculature develops to form an elaborate vascular tree that is well Fig. 2 . A, Transverse section of the rat retina, showing the relative expression of the metabolic enzyme cytochrome oxidase (COX) (reaction product in brown) throughout the retinal layers. COX histochemistry is used for mapping regional brain/retinal metabolism in animals, since there is a direct relation between enzyme activity and neuronal activity. The section has been counterstained with toluidine blue to demonstrate the location of cell nuclei layers. Note the highest level of cytochrome oxidase activity is in the inner segments of the rods and cones. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; inner and outer segments of the photoreceptors; from Buttery, PhD Thesis, 1990 . B, Transverse section of the primate retina and choroid stained with Toluidine Blue and Nissl, showing retinal layers and the three vascular layers of the choroid. NFL, nerve fiber layer; R&C, rods and cones; RPE, retinal pigment epithelium; CC, choriocapillaris; MSV, medium and small choroidal vessels; LV, large choroidal vessels Chan-Ling, unpublished data. C, Map showing the outer limits of the inner (superficial) and outer (deep) vascular plexus as well as that of the radial peripapillary capillaries (RPCs) at 40 weeks gestation in the human retina (from Hughes et al., 2000) . D, Map showing the outer limits of the inner (superficial) and outer (deep) vascular plexus at a postnatal day (P) 10 in the rat retina. No RPCs have been described in the rat retina to date; from Stone et al. (1995). matched to the metabolic needs of the tissue (Chan-Ling et al., 1990) . The formation of the intra-retinal vessels takes place via two distinct cellular processes under different molecular cues. Formation of the primordial superficial vessels of the central onethird of the human retina takes place via the process of vasculogenesis, the de novo formation of primitive vessels by differentiation from vascular precursor cells and formation of solid vascular cords followed by vessel patency. Formation of the remaining retinal vessels takes place via angiogenesis, the process of new vessel formation by budding or intussusceptive growth from existing blood vessels (Hughes et al., 2000) . Thus, the outer twothirds of the retina, the entire deep vascular plexus, and the increasing capillary density in the central one-third of the human retina is formed by the angiogenic process. In contrast, the human choroidal network appears to be established predominantly by hematopoietic differentiation and vasculogenesis with angiogenesis only adding to vascular density (Chan-Ling et al., 2011a) .
In terms of creating the blood vessel unit, endothelial cell development concomitant with pericyte differentiation is the primary process see Fig. 3E and F and (Hughes and Chan-Ling, 2004) . Fig. 3 . Fine structure of retinal vessels and glia ensheathment. A, Rat retinal arterioles (postnatal day 21) labeled for smooth muscle actin (SMA), a smooth muscle cell differentiation marker (from Hughes and Chan-Ling, 2004) . B, Capillaries in the adult rat retina triple labeled with Griffonia Simplicifolia isolectin B4 (GS) lectin (blue), anti-desmin (red), and anti-NG2 (green); from Hughes and Chan-Ling (2004) . C, Morphology of astrocytes immunolabeled with GFAP (at the level of the superficial vascular plexus) in the cat retina wholemount. Note close association between astrocytes, the vessel wall, and the nerve fiber bundles that run diagonally across the field of view; from (Chan-Ling, unpublished). D, The broken edge of a retinal wholemount, labeled with 4D6, a monoclonal antibody specific to Müller cells; from Dreher et al. (1988) . The inner endfeet of Müller cells (top) are brightly fluorescent. At the outer margin of the inner nuclear layer Müller cell processes outline a capillary (arrow); from Dreher et al., 1988. E and F: Micrographs showing the intimate relationship between NG2 þ pericytes and the CD34 þ angiogenic tip cells of the developing retinal blood vessels in human retinal wholemounts at 18 weeks gestation. The NG2 þ pericytes are located just ahead of the leading edge of patent CD34 þ vessels; from Chan-Ling et al. (2011b) . Subsequent morphogenic events consist of vessel guidance, branching, and recruitment of vascular-associated cells, including astrocytes, Müller cells, and macrophages. These events are critical for establishing functional circulation of the eye during development as well as during progression of neovascular disease. Only selected aspects of retinal vasculature development are discussed here, and the reader is referred to reviews by Provis (2001) , Dorrell et al. (2007) , Gariano (2003) , Chan-Ling (2008) , Anand-Apte and Hollyfield (2009) and Chan-Ling (2009) for a more complete description.
Roles of macroglia and macrophage in development of retinal vasculature
The angiogenic process of retinal vasculature development is regulated by oxygen levels within the retina. In response to 'physiological hypoxia' caused by the onset of neuronal activity (increased metabolic activity in maturing retinal neurons and photoreceptors), astrocytes and Müller cells respond by secreting vascular endothelial growth factor (VEGF 165 ), inducing formation of superficial and deep layers of retinal vessels, respectively (Chan-Ling et al., 1990; Chan-Ling 1994; Chan-Ling et al., 1995; Stone et al., 1995; Zhang et al., 1999) (Fig. 5 ). Pericytes have also been suggested to express VEGF 165 , inducing the formation of retinal blood vessels in normal development (Darland et al., 2003) . The importance of neuroglia in the development and maintenance of a healthy retinal plexus is supported by the fact that only species with retinal astrocytes have vascularized retinas (Schnitzer, 1988) . Further, large numbers of proliferating astrocytes were shown to accompany the developing vessels as they migrate across the primate retina from the optic nerve (Sandercoe et al., 1999; Chan-Ling et al., 2009) . For details on the relationship between the astrocytic and vascular cells lineages see Chan-Ling et al. (2011b and Dorrell et al., 2002 . Although not directly proven, the close correlation in topography and timing between VEGF expression by neuroglia and vessel growth supports the contribution of glial cells to vessel formation and survival. Recent observations, however, suggest astrocytes may also play an important role in vessel stabilization and pathological neovascularization (Scott et al., 2010; Weidemann et al., 2010) . Therefore, astrocytes in the retina might have highly divergent roles during developmental, physiological angiogenesis, and ischemia-driven, pathological neovascularization.
Tissue resident and recruited macrophage populations have been implicated in developmental and pathologic neovascularisation (Polverini et al., 1977) . However, recent studies have modified this earlier concept of macrophage association (Penfold et al., 1990; Checchin et al., 2006) to the concept that tissue macrophages act as cellular chaperones for vascular anastomosis (Fantin et al., 2010) . Blood vessel networks expand in a two step process that begins with VEGF-A mediated angiogenic sprouting. This sprouting is induced by chemotactic gradients of VEGF-165 which stimulate proliferation of specialized vascular endothelial cells, termed tip cells . The angiogenic process of vascular sprouting is following by vessel anastomosis. Utilizing both mouse mutants defective in macrophage development or VEGF signaling and live cell imaging in zebrafish, Fantin et al. (2010) found that macrophages that accumulate at sites of vessel fusion, are bridging tip cells from different vessel segments. Thus, macrophages play a major role in mediating the process of vascular anastomosis, a process central to increasing vascular density and establishing functional blood flow through a developing vascular plexus.
Cell adhesion and extracellular matrix molecules play an instrumental role in regulating the relationship between proliferating endothelial cells and their environment. Although the precise nature of the molecular interaction is not clear, evidence suggests that astrocytes guide endothelial cell growth and migration through Rcadherin (traditionally viewed as a neuronal cue) (Dorrell et al., 2002) and the selective expression of VEGF isoforms (Stalmans et al., 2002) . Further, some isoforms of VEGF are soluble while others are bound; reviewed in Neufeld et al. (1999) , Robinson and Stringer (2001) . In this regard, it is of interest that cell sensitivity to soluble angiogenic mitogens may be modulated by physical interactions between cells and the extracellular matrix that alter cell shape and cytoskeletal structure. The mechanisms by which mechanical signals integrate with microenvironmental cues to regulate neovascularization involve Rho kinase that modulates the balance between two antagonistic transcription factors, which in turn govern expression of the VEGF receptor VEGFR2 (Mammoto et al., 2009) . Further, changes in pulsatile flow were shown to modulate expression of endotheliumderived vasoactive substances that control retinal pericyte apoptosis and proliferation (Walshe et al., 2011) .
Comparative physiology of retinal and choroidal vascular development
While less is known about the cellular mechanisms and molecular cues that regulate the growth of blood vessels in the choroid than in the retina, recent studies have added to the understanding of the formation of the human choroidal vasculature (Hasegawa et al., 2007; Chan-Ling et al., 2011b . It is evident, that choroidal vessels form earlier than those in the retina. In humans, the first retinal vessels form at the optic disc at approximately 14 weeks gestation (Ashton, 1970; Hughes et al., 2000) , whereas primitive endothelium-lined elements e giving rise to choroidal vessels, are present as early as 29 days gestation (Ozanics et al., 1978) and an extensive patent choriocapillaris is evident an 8 week gestation (Chan-Ling et al., 2011a) . These studies have shown that the first process in the formation of the human choroidal vasculature is the recruitment of circulating stem cells. This is followed by the process of vasculogenesis which takes place over the entire human choroid and is responsible for the primary formation of the choroidal vasculature, while angiogenic budding adds further to choroidal vascular density. Since vasculogenesis takes place independently of VEGF 165 ; reviewed in Hughes et al. (2000) , future studies need to determine the growth factors that regulate this process if a treatment for wet age-related macular degeneration is to be developed. Further differences between retinal and choroidal vascular beds are evidenced by the fact that endothelial cell proliferation in the choriocapillaris is not promoted by increased metabolic activity in the central retinal neurons (Allende et al., 2006) . Further, during choroidal development, but not retinal development, nerve growth factor (NGF) was shown to regulate endothelial cell migration and proliferation (Steinle and Granger, 2003) . In the developing mouse, disruption of the RPE-derived VEGF caused dramatic defects, including the absence of the choriocapillaris or a decrease in choroidal vascular density (Marneros et al., 2005; Le et al., 2010) . These findings suggest that mechanisms regulating development of the choroidal and retinal vasculature are profoundly different.
Mural cell lineage
The same mural precursor cells (MPCs) of mesenchymal origin, likely give rise to both smooth muscle cells and pericytes, and the pattern of protein expression in these cells has been used to determine the point at which differentiation takes place (Hughes and Chan-Ling, 2004; Chan-Ling et al., 2011a . VEGF expression during formation of retinal blood vessels. Schematic representation of the retina from the optic disc (at right) to the periphery of the retina (at left) in rat and cat. Rat P1/Cat E60: The neural retina is comprised of two cellular layers. The outer (cytoblast) layer is still generating neurones, and mitotic figures are numerous at the outer surface of the neural retina, adjacent to the pigment epithelium. The choroid circulation is well formed, and the hyaloid artery extends through the optic disk to supply the vitreous body and the lens. Astrocytes (in green) have begun to migrate across the surface of the retina, and the superficial layer of vessels has begun to form. At this and subsequent ages, VEGF (in yellow) is expressed more strongly in the RPE than in astrocytes. Rat P4/Cat P10: The spread of astrocytes and superficial vessels has continued, and the first "descending" vessels have begun to bud from the superficial layer. VEGF expression is strong in the most peripheral astrocytes, but has faded in astrocytes near the optic disk. Rat P7/Cat P15: The separation of the cytoblast into the inner and outer nuclear layers, by the formation of the outer plexiform layer, has begun near the optic disk; where this separation has taken place, cell division has halted. Astrocytes have reached the edge of the retina, the most peripheral of them expressing VEGF and the superficial layer of vessels has spread correspondingly. Expression of VEGF is now apparent in the INL and, correspondingly, some descending vessels have reached the level of the deep vascular plexus, near the optic disk. Rat P10/Cat P20: The division of the retina into its layers is almost complete. VEGF expression in astrocytes has subsided, and expression in the INL is restricted to the peripheral margin of the retina. Rat P14/Cat P35: The formation of the neural retina and its vasculature is essentially complete. VEGF expression by astrocytes has subsided and expression in the INL is restricted to the peripheral margin of the retina; with modification from Stone et al. (1995) .
formation in the embryonic human retina ( Fig. 3E and F ). In the developing human choroid, cells with ultrastructural characteristics consistent with single, isolated MPCs are also seen scattered throughout the stroma (Chan-Ling et al., 2011a) . NG2 þ mural cells were seen closely ensheathing the vessels of the human choroid from an early age ( Fig. 4A and B) .
Pericyte intermediate filaments
In stark contrast to rat retinal pericytes (Hughes and Chan-Ling, 2004) , recent ultrastructural and immunohistochemical studies of the human choroid demonstrate that choroidal pericytes do not express desmin, smooth muscle actin or intermediate filaments.
Larger choroidal vessels, however, are SMA positive Fig. 4C ; (ChanLing et al., 2011b) . Immunohistochemistry staining for desmin, an accepted pericyte marker, confirmed this negative result in human choroidal pericytes (Fig. 4D) . Desmin has been shown to be required in vascular smooth muscle cells in small resistance arteries for efficient control of agonist-induced vascular tone (Loufrani et al., 2002b) and microvascular remodeling (Loufrani et al., 2002a) . A lack of desmin has also been noted in models of arteriogenesis (Cai et al., 2004) and may be important in the damage caused during desmin-related myopathies (Olive et al., 2004) . In vimentin knockouts, mice were normal but their cells lacked structural stability. Functionally, this meant reduced pericyte motility and directional migration as well as diminished wound repair (Eckes et al., 2000) . While further studies are required to fully understand the differences in retinal and choroidal pericytes, the lack of intermediate filaments in choroidal pericytes and the relative infrequency of pericyte ensheathment observed in the choroidal vasculature compared to retinal capillaries ( Fig. 4EeG ) (Chan-Ling et al., 2011b) suggests that choroidal pericytes have little contractile capability. Thus, choroidal pericytes, unlike retinal pericytes, may have a limited ability to control vascular tone (Chan-Ling et al., 2011b).
Expression of calponin and caldesmon e calcium regulating proteins
Calponin and caldesmon are associated with the thin filaments of smooth muscle cells and are thought to regulate tone in these cells; reviewed in (Akata, 2007) . The timing and topography of calponin and caldesmon expression during development of the rat retinal vasculature suggest that smooth muscle cells' maturation indicated by expression of these two regulatory proteins, improves capacity to fine-tune autoregulatory responses (i.e. to changes in tissue oxygen levels) and may play an important role in the development of vessel stability (Hughes and Chan-Ling, 2004) (Fig. 6A ). The extent of SMA expression by smooth muscle cells on retinal arterioles and venules increases markedly with smooth muscle cell maturation, and is followed first by calponin expression and then by caldesmon expression. In the choroid, calponin is only expressed on the larger vessels and caldesmon is not present (Chan-Ling et al., 2011b) . The fact that SMA ensheathment in choroidal vessels is rather incomplete ( Fig. 6B and C), caldesmon is not expressed at all and calponin is only expressed in a small proportion of vessels ( Fig. 6D and F) , provides further structural evidence for the limited blood flow regulatory ability of the choroid.
Techniques for monitoring retinal and choroidal blood flow

Retinal blood flow
A variety of techniques have been developed to monitor retinal and choroidal blood flow. The Doppler effect has been employed in measuring the velocity, volume, and flux of blood through the capillaries and larger vessels of the optic nerve head and superficial retina. The reader is referred to reviews by Feke (2006) , Riva and Falsini (2008) . In the laser Doppler technique, the frequency of reflected laser light changes when scattered by red blood cells moving through vessels. The magnitude of the frequency shift is used to calculate the relative red blood cell velocity and density. The product of the velocity and density yields a measure of the blood flux. If the scattered laser light is observed in two directions, an absolute measure of the red blood cell velocity can be determined by a method known as bi-diretional laser Doppler velocimetry (Riva et al., 1981a; Garhofer et al., 2004a) .
Laser Doppler flowmetry yields a measure of blood flow at a single region on the optic disc or retina. A two-dimensional picture of blood flow can be obtained by combining laser Doppler flowmetry and scanning laser ophthalmoscopy. In this technique, termed scanning laser Doppler flowmetry, the laser beam is rapidly scanned in a raster pattern across the surface of the retina, yielding laser Doppler measurements at multiple points (Michelson et al., 1996b) .
Two-dimensional images of retinal blood flow can also be obtained using a related technique, laser speckle flowmetry (Cheng and Duong, 2007; Srienc et al., 2010; Nagahara et al., 2011) . The retina or choroid is illuminated with a diffuse, coherent light and is imaged with a digital camera. Under coherent illumination, stationary regions of the retina appear speckled while moving regions (red blood cells moving through vessels) are less speckled. Quantitative evaluation of speckle contrast yields a twodimensional image of blood flow with high spatial and temporal resolution.
Vascular responses to light stimulation can also be monitored by measuring the diameter of retinal arterioles. Real-time measurements of variations in the diameter of retinal vessels can be made with the retinal vessel analyzer (RVA) (Blum et al., 1999) . However, the RVA can only be used for studying large vessels. For details on the reproducibility and sensitivity of the RVA see Polak et al. (2000) . Vessel diameter can be also determined with high precision with confocal microscopy by using the line scan technique to repeatedly image a vessel along a line perpendicular to the vessel lumen (Seeliger et al., 2005; Srienc et al., 2010) .
The velocity and density of white blood cells flowing through the macular vasculature can be determined using blue field stimulation, i.e. entoptic phenomenon, a technique in which a subject looks at a diffuse 430 nm blue light (Riva et al., 1981b) . The blue light is absorbed by red blood cells, but not by white blood cells. Thus, as the occasional white blood cell interrupts the flow of red cells through the capillaries, the subject sees a field of "flying corpuscles." For quantification, the subject is asked to match the perceived speed and density of the corpuscles they see to a set of simulated animations. Responses obtained with blue field stimulation are associated with blood flow in the temporal, but not nasal vessels, because the perifoveal capillaries are exclusively supplied by the temporal branches of the central retinal artery (Kiss et al., 2002) .
Retinal blood flow can also be measured by video fluorescein angiography, which relies on rapid injection of a small bolus of fluorescein and the recording of retinal images detailing the passage of the dye with a scanning laser ophthalmoscope. The mean circulation transit time is determined using this technique (Bursell et al., 1992) .
Global volumetric retinal blood flow, that reflects the overall retinal response to stimuli such as flicker, can be evaluated using Doppler (Fourier-domain) coherence tomography (Singh et al., 2010; Wang et al., 2011a) , a functional extension of the standard optical coherence tomography (OCT) method originally used to obtain high-resolution, cross-sectional images of the retina (Huang et al., 1991) or to measure retinal functional changes with light stimulus (Bizheva et al., 2006; Srinivasan et al., 2006) . In principle, Doppler OCT measures velocity profiles of fluid flow by detection of Doppler shifts of back-scattered light. A variety of different OCT probing schemes for assessing retinal and/or choroidal perfusion dynamics have been developed recently. A comprehensive review on these techniques is given in Geitzenauer et al. (2011) .
Although blood flow measurement with magnetic resonance imaging (MRI) has been very successful in brain studies, its applicability to retinal blood flow was demonstrated only recently. The approach utilizes contrast-free imaging with the arterial spin labeling technique, where the endogenous water in the inflowing blood is magnetically labeled non-invasively. By investigating retinal responses to hyperoxic/hypercapnic challenges and effects of isoflurane and ketamine/xylazine anesthesia in rats and mice, the authors demonstrated that blood-flow magnetic resonance imaging has the potential to compliment optically based imaging techniques (Li et al., 2008; Muir and Duong, 2011) . The feasibility of imaging and quantification of retinal blood flow with MRI in humans have been also investigated. Although, a clear blood flow signal was visualized, it did not have sufficient spatial resolution to distinguish the retina and choroid (Maleki et al., 2011) . This challenge was overcome in the study of blood volume changes in the rat retina. By utilizing a blood-pool contrast agent, functional responses of retinal and choroidal vessels to visual stimulation were simultaneously resolved (Shih et al., 2011) . More traditional magnetic resonance imaging techniques have been applied to investigate changes in tissue oxygenation using blood-oxygen level-dependent (BOLD) functional signals, which reflects changes in blood flow associated with visual stimulation (Duong et al., 2002; Cheng et al., 2006) .
Choroidal blood flow
Measuring blood flow in the choroidal circulation is particularly challenging because the choroidal vessels are hidden from view by the retinal pigment epithelium. This is why, traditionally, choroidal blood flow has been studied indirectly. One method used to estimate choroidal blood flow is based on laserferometry. This fundus camera-based system illuminates the eye with a single beam laser diode along the optical axis. The light reflected from the surface of the cornea and retina produce interference fringes from which the distance between these two structures can be calculated. During the cardiac cycle, this distance changes and is associated with the fundus pulsation amplitude (FPA), an index of pulsatile choroidal perfusion. Alternatively, choroidal blood flow can be measured (also indirectly) with a computerized pneumotonometer, which records the cyclic variation in the intraocular pressure with each heartbeat (Silver and Farrell, 1994) . Based on this measurement and the pressureevolume relation, the volume of blood entering the globe can be calculated (Silver and Geyer, 2000) . For a comparison between laser interferometric measurement of fundus pulsation and pneumotonometric measurement of pulsatile ocular blood flow see Schmetterer et al. (2000a Schmetterer et al. ( , 2000b . Response of the choroidal vasculature to stimulation can also be quantified with near-infrared Doppler flowmetry (Petrig and . Illumination of the fundus with infrared light (above 800 nm) is advantageous since light at this wavelength can penetrate the retinal pigment epithelium (Geeraets et al., 1962) . Application of laser Doppler flowmetry to the measurement of relative choroidal blood flow is discussed elsewhere (Riva, 2006; Preitner et al., 2004; Polska et al., 2004) .
The presence of the overlaying retinal circulation represents a common difficulty in evaluating choroidal blood flow. The analysis can be facilitated by using indocyanine green, which, unlike fluorescein, is strongly bound to plasma proteins limiting diffusion of the indicator through fenestrated choroidal capillaries (Prunte and Niesel, 1988; Ciulla et al., 2002) . A second key property of indocyanine green is the peak absorption and emission wavelengths in the near-infrared range, ensuring penetration deeper into the tissue and a stronger choroidal signal. Two-dimensional maps of choroidal circulation, with resolution comparable to indocyanine green angiography, can be constructed using laser speckle flowmetry. Since laser speckle flowmetry targets only the erythrocytes moving intravascularly, it generates a high contrast image of the choroidal vessels (Watanabe et al., 2008; Srienc et al., 2010) .
Regulation of retinal blood flow
The retina tends to maintain a constant blood flow in the face of variations in perfusion pressure, blood gasses and intraocular pressure. This is an intrinsic autoregulatory response since the potential influence of autonomic innervation can be excluded (Laties, 1967; Ye et al., 1990 ) and the contribution of circulating hormones and neurotransmitters on retinal vascular resistance is generally assumed to be negligible due to the blood-retinal barrier (Delaey and Van De Voorde, 2000b) . Experimentally, autoregulation of the retinal microcirculation is assessed by provocation methods, including (i) a change in systemic blood pressure due to muscular exertion, postural change, or druginduced effects (Blum et al., 1999; Tachibana et al., 1982; Polak et al., 2000) , (ii) oxygen, carbogen, or CO 2 inhalation, (iii) elevation of intraocular pressure with a suction cup (Ernest et al., 1972; Chen et al., 1993) .
Pressure autoregulation and myogenic tone
It is well documented that autoregulation in the retina and optic nerve head is effective within a wide range of perfusion pressures (Fig. 7) . In normal subjects, an experimental elevation of intraocular pressure up to 29 mmHg (resulting in a 36% decrease in perfusion pressure), is adequately compensated by retinal autoregulation (Riva et al., 1981b; Grunwald et al., 1984b) . For greater increases in intraocular pressure, the retinal vasculature was shown to behave almost passively (Grunwald et al., 1988) . The autoregulatory response was also demonstrated during periods of static exercise, where a 34% rise in perfusion pressure resulted in a rise in flow of only 4e8% (Dumskyj et al., 1996) . Similar results were reported for experiments investigating retinal and optic nerve head blood flow during dynamic and static exercise (Harris et al., 1996a; Movaffaghy et al., 1998) .
The normal retinal hemodynamic response to increases in perfusion pressure is an increase in vascular resistance (Robinson et al., 1986; Dumskyj et al., 1996; Jeppesen et al., 2007) . This behavior, termed the myogenic response, is intrinsic to smooth muscle cells, and independent of metabolic and hormonal influences. Active contractile responses to counteract increased transmural pressure were first described over a century ago (Bayliss, 1902) and several mechanisms have been advanced to explain this phenomenon. The prevailing view is that myogenic constriction is initiated by depolarization of vascular smooth muscle cells, leading to Ca 2þ entry via voltage-gated Ca 2þ channels Kotecha and Hill, 2005) . However, depolarizationindependent mechanisms also appear to be involved, as pressureinduced contraction is still observed after depolarization by potassium (Delaey and Van De Voorde, 2000a) . One mechanism involved in the development of myogenic tone in isolated human retinal arterioles is the activation of the Rho kinase signaling pathway, which modulates contractile myofilament sensitivity to Ca 2þ (Hein et al., 2010) . The mechanistic basis of the myogenic response is reviewed in detail by Davis and Hill (1999) .
Regulation by blood gases and pH
Evidence for regulation of retinal blood flow by blood gases comes from reports that breathing pure oxygen decreases retinal blood flow by w30% (Fallon et al., 1985) . Retinal blood vessels are also sensitive to variations in the partial pressure of carbon dioxide (pCO2). Hypercapnic conditions (without hyperoxia) elicit a significant increase in retinal arteriolar and capillary diameter and blood flow (Alm and Bill, 1972b; Venkataraman et al., 2008) . Acidosisinduced relaxation of tone in preconstricted isolated porcine retinal arterioles is associated with a hyperpolarization and a decrease in [Ca 2þ ] i in the smooth muscle cells. The same study demonstrated that the vascular response to normocapnic and hypercapnic acidosis was similar, hence independent of CO 2 , and not mediated by NO (Hessellund et al., 2006) . In isolated rat retinae, pharmacological inhibition of carbonic anhydrase, resulting in extracellular acidification, is associated with an increase in capillary diameter (Reber et al., 2003) .
Responses to visual stimulation
In their classical paper published more than 100 years ago, Roy and Sherrington hypothesized that the brain possess an intrinsic mechanism by which its vascular supply can be varied locally in response to variations of functional activity (Roy and Sherrington, 1890) . A substantial body of evidence demonstrates that, as in the brain, blood flow in the optic nerve head Falsini et al., 2002) and retina is regulated by neuronal activity (Formaz et al., 1997; Garhofer et al., 2004a; Bek et al., 2008) .
Light/dark transition
In humans, transition from light to dark conditions results in an increase in retinal blood flow of 40e70% (Feke et al., 1983; Riva et al., 1983) (Fig. 8A ). This active hemodynamic response was attributed to an increase in blood velocity rather than to a change in the diameter of the larger retinal vessels, presumably due to a decrease in the hemodynamic resistance of downstream capillaries. The observation that systolic and diastolic blood flow velocities in the central retinal artery were markedly increased in darkness supports this view (Havelius et al., 1999) . It is believed that an increase in retinal perfusion compensates for the elevated oxygen consumption in the dark by the photoreceptors (Linsenmeier, 1986) .
Flicker stimulation
Flicker stimulation evokes increases in retinal vessel diameter and retinal blood flow (Fig. 8B and C) . A blood flow increase in the primate retina, evoked by flicker stimulation and measured using labeled microspheres, was reported by Bill and Sperber (1990) . Since then, blood flow responses to luminance and chromatic modulation have been characterized Riva et al., 2001; Falsini et al., 2002; Kotliar et al., 2004; Wang et al., 2011a) and employed for studying the relation between neuronal activity and vascular responses. For instance, a correlation between redgreen heterochromatic flicker-induced changes in human optic nerve head blood flow combined with changes in harmonic components of the ERG response, suggests a contribution from both the inner and outer retina to neurovascular coupling (Falsini et al., 2002) . Additional experiments demonstrate that blood flow responses are driven by both parvo-and magnocellular pathways (Riva et al., , 2005 .
In humans, the temporal dynamics of arterial diameter changes to diffuse flicker reveal that neurovascular coupling occurs rapidly, within 1 s (reviewed by Riva et al., 2005) . Upon cessation of a stimulus, arterial diameter and red blood cell velocity decrease to below baseline values, whereas vein diameter A, Maximum red blood cell velocity (V max ) measured in a vein using laser Doppler velocimetry after 5 min of fundus illumination and after 20 min of darkness in humans; from Riva et al. (1983) . B, Mean arterial diameter response to flicker measured using the retinal vessel analyzer (RVA) in humans; from . C, Blood velocity response to flicker stimulation measured from the rim of the optic disc in cats with laser Doppler flowmetry; from Riva et al. (2005). returns to baseline levels without an undershoot (Garhofer et al., 2004a; . Flicker-induced dilatation of arteries can range from 1 to 7% (Garhofer et al., 2004a; Polak et al., 2002; . While some studies report no significant difference between arterial and venous responses to flicker (Lecleire-Collet et al., 2011), others find that dilation in veins and venules is less pronounced, ranging from 1 to 6% .
Several studies have demonstrated a correlation between flicker-induced increases in blood flow and changes in bloodoxygen levels. The partial pressure of O 2 (pO 2 ), measured with a phosphorescence sensor, showed that rat retinal arterial and capillary pO 2 levels and arteriovenous pO 2 differences increase in response to flickering light (Shakoor et al., 2006) . In the same study, no change in choroidal pO 2 was seen. Similar results were found in humans, where flicker stimulation resulted in an increase in venous oxygen saturation (sO 2 ) (Hammer et al., 2011) .
Retinal vascular responses to local light stimulation
Less data is available on local regulation of blood flow within the retina and is limited to animal studies. A functional magnetic resonance imaging study in cat demonstrated that a flickering stimulus, presented to one half of the retina, resulted in increased blood flow that was largely confined to that half of the retina (Fig. 9 ) (Duong et al., 2002) . A laser speckle flowmetry study in rat showed that when the retina is stimulated with a small flickering spot, blood flow increases are largest in the stimulated region (Fig. 10 ) (Srienc et al., 2010 ). These studies demonstrate that the retina possesses mechanisms for regulating retinal blood flow at a local level. .
Control of retinal arteriolar tone and smooth muscle contractility
Contribution of arterioles and capillaries to activity-induced responses
Investigations of functional hyperemia in the brain suggest that arterioles, rather than capillaries, are the primary site of blood flow regulation. Arteriolar flow changes following sensory or electrical stimulation occur at the same time (Matsuura et al., 1999; Hillman et al., 2007) , or just before (Vanzetta et al., 2005) changes in capillary perfusion, suggesting that the predominant hemodynamic changes originate upstream of capillaries.
On the other hand, the fine spatial resolution of changes in cerebral blood flow following sensory stimulation suggests regulation of flow at the capillary level. Evidence for active regulation of cerebral capillary tone in vivo is more limited. A recent study demonstrated that although capillaries can actively change their diameter, active regulation of capillary diameter does not occur during sensory stimulation (Fernandez-Klett et al., 2010) . Although the limited evidence available points to the initiation of blood flow increases at the arteriolar level, it remains to be determined whether arterioles are the primary site of blood flow regulation.
During neurovascular coupling, the local dilation of arterioles in an area of activation will not result in a substantial increase in blood flow unless upstream vessels also dilate. How vasodilator and vasoconstrictor responses are conveyed to upstream locations is unclear. Coordinated vasoactive responses may rely on coupling and communication between cells within the vessel wall. In central nervous system, vascular endothelial cells and smooth muscle cells are electrically coupled (Little et al., 1995) . Hyperpolarization of an individual SMC can spread through endothelial cells and to smooth muscle cells via myoendothelial coupling and evoke a coordinated dilating response along the length of an arteriole (Zhang et al., 2011) . Of note, the patterns of gap junctional staining within the rat retina shows regional specificity, suggesting a homogenous distribution of gap junction proteins Cxs37 and 40 expressed in large radiating arterioles but absent in smaller vessels (Kuo et al., 2008 ).
Pericyte regulation of retinal capillary diameter
Several lines of evidence suggest that pericytes may contribute to active regulation of blood flow in the retina. For reviews, see Chakravarthy and Gardiner, 1999; Puro, 2007; Hamilton et al., 2010 . However, definitive experiments have not, as yet, been conducted (see also Section 4.5).
It is well established that pericytes possess the complement of muscle contractile proteins (Herman and D'Amore, 1985) and are capable of initiating vasomotor signals that can be propagated along the length of capillaries to other pericytes (Peppiatt et al., 2006; Puro, 2007) . They constrict in response to angiotensin II (Matsugi et al., 1997b) , norepinephrine (Markhotina et al., 2007) , GABA antagonists (Peppiatt et al., 2006) and ATP (Kawamura et al., 2003) (Fig. 11) . In turn, vasoactive molecules such as vasoactive intestinal peptide (VIP), pituitary adenylate cyclase activating peptide (PACAP; Markhotina et al., 2007) and NO donors ) relax retinal pericytes.
The mechanisms responsible for regulation of pericyte contractile tone are similar to those of vascular smooth muscle cells. Pericytes express a variety of ion channels and transporters (i.e. Na þ /Ca 2þ exchangers; Yamanishi et al., 2006) ; reviewed by Puro (2007) , that are likely to regulate pericyte function and mediate changes in capillary diameter. K þ channels regulate the resting membrane potential and excitability of retinal pericytes (Quignard et al., 2003; Ishizaki et al., 2009; Matsushita and Puro, 2006) . Activation of these currents represents a common signaling pathway for mediating a decrease in pericyte contractile tone in response to prostacyclin (PGI2; (Burnette and White, 2006) ), sodium nitroprusside (Haefliger et al., 1994) , and b-adrenoceptor agonists (Quignard et al., 2003) . As in vascular smooth muscle cells, the change in pericyte contractile tone correlates with intracellular Ca 2þ concentration (Sakagami et al., 1999 Wu et al., 2003a) . Thus, ATP constricts retinal capillaries by raising pericyte intracellular Ca 2þ through P 2 X 7 and P 2 Y receptors (Kawamura et al., 2003) . Depolarizing chloride current that is dependent, in part, upon the Ca 2þ influx through voltage-dependent (i.e. VGCC) and voltage-independent (i.e. NSCs) channels also contributes to pericyte constriction (Sakagami et al., , 1999 . The repetitive opening of chloride channels is thought to enhance net Ca 2þ influx during prolonged exposure of pericytes to serum derived molecules, i.e. insulin-like growth factor 1 (IGF-1; Sakagami et al., 1999) . The tone of pericyte-containing microvessels is thought to be governed not only by a balance between Ca 2þ -mediated contractility and NO-mediated relaxation, but also by a phenomenon termed Ca 2þ -sensitization. Emerging data from morphometric analysis of pericyte shape and contractile phenotype suggests a contribution of Rho signaling to modulation of actomyosin-based contractility in these mural cells (Kutcher et al., 2007) .
Mechanisms of functional hyperaemia
The mechanisms that mediate functional hyperemia remain controversial. For many years, metabolic feedback mechanisms were thought to mediate the regulation of blood flow in response to changes in neuronal activity. As originally proposed by Roy and Sherrington, metabolic feedback would work as follows: Increases in metabolism which accompany neuronal activity would lower O 2 and glucose levels and produce vasoactive metabolites (Roy and Sherrington, 1890) . These metabolites would elicit vasodilation and increased blood flow, which, in turn, would restore O 2 and glucose levels. In the brain, these metabolites include adenosine, lactate, CO 2 , protons (acidification) and a drop in O 2 .
Adenosine levels rise with neuronal activity and could mediate functional hyperemia as adenosine dilates arterioles following activation of vascular smooth muscle A 2A receptors and subsequent opening of K ATP channels (Gidday et al., 1996; Hein et al., 2005) . Adenosine also relaxes cultured retinal pericytes by activation of the A 2 receptor-adenylate cyclase-cAMP system (Matsugi et al., 1997a) and enhances capillary blood flow in the optic nerve head by activation of ATP-sensitive potassium channels through the A 1 and A 2a receptor pathway (Hirao et al., 2004) . Lactate is released by both neurons and glial cells following neuronal activity and can mediate vascular dilation. In the retina, flickering light elicits increases in extracellular lactic acid (Ames et al., 1992; Wang et al., 1997) . Further, lactate infusion decreases retinal arterial flicker response in humans . Although products of neuronal metabolism do modulate vascular tone, it is not clear whether they play a primary role in mediating functional hyperemia in the brain or in the retina; reviewed in Attwell et al. (2010) . Neuronal activity results in the release of many other factors that are also vasoactive. Active neurons release the vasodilatory agent NO and in both the brain and retina. In the cerebellum blocking NO production reduces activity-dependent vasodilation (Yang and Iadecola, 1997; Iadecola et al., 1995) . Lightevoked hyperemia in the optic nerve head and in the retina is reduced by lowering NO with nitric oxide synthase (NOS) blockers (Buerk et al., 1996; Kondo et al., 1997; Dorner et al., 2003) . In addition, recent work in both the brain and the retina indicate that arachidonic acid (AA) metabolites, produced by glial cells or as a consequence of glial cell activity, can also elicit vasodilation and increased blood flow; for review see Attwell et al. (2010) . When production of these metabolites is blocked, functional hyperemia is substantially reduced, indicating that these factors play an important role in mediating functional hyperemia. Undoubtedly, multiple mechanisms contribute to the functional hyperemia response, both in the retina and in the brain. Although the question is by no means resolved, it is likely that feed forward mechanisms, in which products of neuronal activity, including NO, K þ and AA metabolites, elicit vasodilation and contribute substantially to functional hyperemia. It remains to be determined whether metabolic feedback mechanisms also contribute significantly to functional hyperemia. Specific mechanisms that could contribute to functional hyperemia in the retina are reviewed in the following sections.
Potassium signaling
Potassium is a vasoactive agent at low concentrations. When K þ levels surrounding arteries and arterioles are increased modestly (up to w10 mM), the vessels dilate. Potassium acts by two mechanisms to dilate vessels. It increases the open probability of inwardly rectifying K þ (Kir) channels in smooth muscle cells, hyperpolarizing the cells and lowering cytoplasmic Ca 2þ levels (Knot et al., 1996) . It also raises the activity of the smooth muscle cell Na þ /K þ ATPase, which also results in cell hyperpolarization (Horiuchi et al., 2002 (Karwoski et al., 1985) . The increase in [K þ ] O in the cat retina in response to a flickering light coincides with the increase in blood flow (Buerk et al., 1995) , suggesting that the excess K þ resulting from neuronal activity contributes to functional hyperemia. A K þ -driven vasodilation could be mediated by an efflux of K þ from glial cells, a mechanism termed K þ siphoning (Paulson and Newman, 1987; Kofuji and Newman, 2004; Filosa et al., 2006) . This K þ siphoning mechanism would work as follows: Potassium that is released from active neurons into the extracellular space flows into glial cells, depolarizing the cells and generating an efflux of K þ from other cell regions. There is a high density of K þ channels on glial cell endfeet which ensheath blood vessels (Newman, 1986) . Thus, the K þ released from neurons is directed through glial cells onto vascular smooth muscle cells, where it elicits vasodilation. In the retina, both astrocyte and Müller cell endfeet have high K þ conductance and ensheath blood vessels and both types of glial cells could mediate, in theory, functional hyperemia. K IR 4.1 is the principal K þ channel in retinal Müller cells (Kofuji et al., 2000 (Kofuji et al., , 2002 . This channel mediates the generation of field potentials and the regulation of extracellular K þ in the retina (Kofuji et al., 2000) .
The K þ siphoning hypothesis of functional hyperemia has been tested in the retina (Metea et al., 2007) . Individual astrocytes and Müller cells were depolarized by current pulses applied through a patch pipette. Although adjacent vessels displayed light-evoked vasodilation and dilated when exposed to elevated K þ in the superfusate, they did not dilate in response to glial cell depolarization. In addition, light-evoked vasodilations were not reduced in Kir4.1 KO animals where K þ efflux from glial cell endfeet should be absent.
Both results demonstrate that, contrary to the K þ siphoning hypothesis, K þ efflux from glial cells does not contribute significantly to functional hyperemia, at least in the retina (Metea et al., 2007) . Nelson, Filosa and colleagues have suggested an alternate mechanism by which K þ could mediate functional hyperemia. They propose that neuronal activity results in the opening of BK channels on astrocyte endfeet, mediated by increases in Ca 2þ and, perhaps, arachidonic acid metabolites (Gebremedhin et al., 2003; Filosa et al., 2006) . The opening of BK channels would generate an efflux of K þ from astrocyte endfeet onto blood vessels, producing a localized elevation in [K þ ] o and leading to vasodilation. Blocking BK channels reduces vasodilation in the brain, suggesting that this K þ -based mechanism contributes to functional hyperemia (Filosa et al., 2006) . Although retinal Müller cells express BK channels (Newman, 1985; Bringmann et al., 1999) , there is no direct evidence that K þ efflux from BK channels contributes to functional hyperemia in the retina.
Arachidonic acid metabolite-mediated signaling
Many arachidonic acid metabolites are vasoactive and are thought to contribute to the functional hyperemia response (Fig. 12) . Prostaglandins and epoxyeicosatrienoic acids (EETs) dilate vessels while the AA metabolite 20-hydroxyeicosatetraenoic acid (20-HETE) constricts vessels. The AA metabolite-signaling pathway is thought to work as follows: neuronal activity, through the release of neurotransmitters, stimulates astrocytes, leading to elevated Ca 2þ levels in the glial cells. Elevated Ca 2þ activates the Ca 2þ -dependent PLA 2 , leading to the production of AA from membrane phospholipids. Increased AA results in the production of AA metabolites, either within astrocytes themselves or in vascular smooth muscle cells; reviewed by Attwell et al. (2010) . The AA metabolite hypothesis has received strong support in recent years. Stimulation of astrocytes in brain slices (Takano et al., 2006) and in the cortex in vivo (Niwa et al., 2000) results in a prostaglandin-dependent vasodilation which is blocked by inhibition of cyclooxygenase, a prostaglandin-synthesizing enzyme. Interrupting the signaling from neurons to astrocytes by blocking metabotropic glutamate receptors (mGluRs), which mediate astrocyte stimulation in the brain, substantially reduces the vasodilation (Zonta et al., 2003; Petzold et al., 2008) , indicating that this mechanism contributes significantly to the regulation of blood flow. Glial cells have more complex effects on blood vessels, however. In brain slice experiments, astrocyte stimulation can also result in vasoconstriction mediated by production of 20-HETE (Mulligan and MacVicar, 2004) , suggesting that glial cells can regulate blood flow, not only by dilating vessels, but also by constricting them.
A similar AA metabolite mechanism operates in the retina. Stimulation of retinal astrocytes or Müller cells by photolysis of caged Ca 2þ or caged IP 3 , results in increased cytoplasmic Ca 2þ levels and in vasomotor responses in adjacent vessels (Metea and Newman, 2006) (Fig. 13) . Glial stimulation can result in both vasodilatation and vasoconstriction, depending on experimental conditions. As in the brain, glial-evoked vasoconstrictions are mediated by production of 20-HETE (Metea and Newman, 2006) , while glial-evoked vasodilations are mediated by the production of EETs as well as prostaglandins (Mishra et al., 2011) . In the retina, signaling from neurons to astrocytes is mediated by ATP and glial purinergic P2Y receptors (Newman, 2005) . Interruption of signaling from neurons to glial cells by addition of purinergic antagonists nearly abolishes light-evoked vasodilations and constrictions. These results demonstrate that glial cells and AA metabolite production contribute significantly to functional hyperemia in the retina.
Nitric oxide and oxygen modulation of neurovascular coupling
Nitric oxide dilates blood vessels by reducing K þ conductance in vascular smooth muscle cells (Feletou and Vanhoutte, 2006) . NO also contributes to the regulation of blood flow in the retina by modulating glia-to-vessel signaling. When NO levels are raised experimentally by addition of NO donors, light-evoked and glialevoked vasodilations are reduced, sometime revealing a vasoconstricting component of the response (Metea and Newman, 2006) . This modulatory effect of NO could be mediated by NO inhibition of the synthesis of vasodilators, including EETs (Udosen et al., 2003) . Oxygen has a similar modulatory effect on functional hyperemia in the brain and retina. In brain slices, increasing O 2 results in the attenuation of glial-evoked vasodilation and the appearance of vasoconstrictions (Gordon et al., 2008) . A similar modulatory effect is observed in the isolated retina, where increasing O 2 in the superfusate from 21% to 100% results in a decrease in light-evoked and glial-evoked vasodilation (Mishra et al., 2011) . However, raising pO 2 in the retina in vivo does not alter light-evoked vasodilatory responses (Mishra et al., 2011) . This is because pO 2 does not increase substantially in the retina in vivo, even when an animal breaths 100% O 2 (Yu et al., 1999) .
Blood flow regulation in the choroid
In contrast to the retina, the choroidal circulation is controlled by extrinsic autonomic innervation. Decreases in choroidal blood flow are mediated by activation of sympathetic efferent nerves that release noradrenaline, activating alpha 1-adrenoceptors on vascular smooth muscle cells (Alm, 1977; Kawarai and Koss, 1998) . In turn, increases in choroidal blood flow are mediated by parasympathetic efferent nerves which act via NO signaling (Nilsson, 1996) . The choroid also receives rich innervation from trigeminal sensory fibers which contain calcitonin gene-related peptide (de Hoz et al., 2008) that are thought to mediate light-evoked control of the choroidal circulation (Okamoto et al., 2010) . The following paragraphs give an overview of regulatory responses to alterations in perfusion pressure, blood gases levels and light conditions in the choroid.
Pressure regulation
It was long assumed that the choroidal circulation shows little regulation in response to changes in perfusion pressure. A linear or close to linear pressure-flow relationship was reported in early animal studies using a variety of techniques, indicating that the choroidal circulation behaves like a passive vascular bed (Bill, 1962; Friedman, 1970; Armaly and Araki, 1975; Gherezghiher et al., 1991) . More recent studies have reported, in contrast, that moderate decreases in perfusion pressure, experimentally adjusted by manipulating intraocular pressure or mean arterial pressure, result in significant compensation in choroidal blood flow (Riva et al., 1997b; Bogner et al., 2011; Polska et al., 2007) (Fig. 14) .
Further evidence of autoregulation comes from studies that investigated the response of choroidal blood flow to increases in the ocular perfusion pressure, which in human studies is usually induced by static and dynamic exercise (Riva et al., 1997a; Lovasik et al., 2003; Polska et al., 2007) . A large increase in the ocular perfusion pressure induced by stationary biking was shown to coincide with only a moderate increase in choroidal blood flow (Lovasik et al., 2003) . Similarly, Riva and colleagues reported an generate arachidonic acid (AA) from phospholipase A 2 (PLA 2 ), which is converted to prostaglandins (PG) that dilate vessels. Glutamate also raises [Ca 2þ ] i in astrocytes by activating metabotropic glutamate receptors (mGluR), generating arachidonic acid and three types of AA metabolites: prostaglandins and EETs in astrocytes, which dilate vessels, and 20-HETE in smooth muscle, which constricts vessels. A rise of [Ca 2þ ] i in astrocyte endfeet may also activate Ca 2þ -gated K þ channels (gK(Ca); alternative abbreviation: BK), releasing K þ , which also dilates vessels. In the retina, Müller glial cells are activated by ATP rather than glutamate released from neurons. Calcium increases in Müller cells result in the release PG and EETs onto smooth muscle cells, which dilate vessels, and 20-HETE production, which constricts vessels; from Attwell et al. (2010). increase in the choroidal blood flow of only 12% even though isometric exercise raised the ocular perfusion pressure by as much as 60% (Riva et al., 1997a) . Although definitive experimental data are lacking, some results indicate either a myogenic and/or a neuronal contribution to choroidal blood flow regulation in face of changes in perfusion pressure (Polska et al., 2007; Kiel, 1999) .
Regulation by blood gases
Animal studies suggest that choroidal flow is strongly dependent on pCO 2 , but shows little reactivity to changes in pO 2 (Alm and Bill, 1972a; Friedman and Chandra, 1972; Riva et al., 1994b; Flower et al., 1995) . These observations are in keeping with studies on the effect of arterial blood gases on choroidal blood and ocular fundus pulsation amplitude in humans, as evaluated by laser Doppler flowmetry and laser interferometry respectively (Schmetterer et al., 1995; Geiser et al., 2000) . Choroidal sensitivity to CO 2 varies with species. Raising pCO 2 increases choroidal blood flow in cats (Alm and Bill, 1972a; Friedman and Chandra, 1972) and humans (Riva et al., 1994a; Geiser et al., 2000) , but not in rats .
Choroidal vascular responses to light stimulation
There is general agreement that blood flow in the retinal vasculature is regulated by light and varies with changes with background luminance and flicker. In contrast, blood flow regulation by light in the choroidal circulation is still a matter of controversy.
6.3.1. Light/dark transition Recent studies have shown that the light to dark transition in humans is associated with a decrease in choroidal blood flow. Further, when dark-adapted eyes were exposed to room light, choroidal blood flow was increased (Fuchsjager-Mayrl et al., 2001; Longo et al., 2000) (Fig. 15) . A decrease in choroidal blood flow during dark adaptation could be due to a change in oxygen consumption in the outer retina. This is unlikely, however, as the choroidal circulation is insensitive to pO 2 changes (Schmetterer et al., 1995; Geiser et al., 2000) . Moreover, the elevated oxygen consumption in the dark by photoreceptors would lead to an increase in choroidal perfusion, rather than a decrease. In addition, changes in choroidal blood flow were reported not only in the stimulated eye but also in the contralateral eye (Fuchsjager-Mayrl et al., 2001; Longo et al., 2000) , indicating that the choroidal response is under neural control.
It has been suggested that the choroidal circulation is necessary for the maintenance of a stable temperature in the outer layers of the retina (Parver et al., 1982) . Changes in choroidal hemodynamics that occur during light and dark adaptation could contribute to passive dissipation of the heat induced by light. This notion is supported by the observation that when intraocular pressure was increased, the retinal-choroidal temperature in the macula of anesthetized monkeys decreased in room light but increased after exposure to a bright light source (Parver et al., 1980) .
Flicker stimulation
In humans tested with laser Doppler flowmetry and laser interferometry, diffuse flickering light has no effect on choroidal blood flow (Garhofer et al., 2002) . However, a blue-flickering stimulus evokes a decrease in the subfoveal choroidal blood flow. Based on this result and a subsequent analysis of the ERG b-wave, it was concluded that an increase in rod activity results in a decrease in choroidal flow in the foveal-macular zone and an increase in the retinal periphery (Lovasik et al., 2005) . In rats, choroidal vessels do not respond to changing luminance, frequency, and wavelength as demonstrated by layer-specific functional MRI (Shih et al., 2011) . In chicks, a flickering light evokes an increase in choroidal blood flow that is due to an increase of blood volume but not velocity, an effect that has been attributed to local vasodilation (Shih et al., 1997) . It should be noted that the chick eye, in contrast to the mammalian eye, lacks intrinsic retinal vessels.
Comparison of retinal and choroidal regulatory mechanisms
The metabolic needs of the eye are supplied by two separate vascular systems, the retinal and the choroidal vasculature, having very different hemodynamic properties. The retinal circulation has a substantially lower blood flow and a higher level of oxygen extraction than does the choroidal circulation. There are significant differences in the regulatory mechanisms operating in the retinal and choroidal vasculature as well. The regulatory role of extrinsic factors is relatively minor in the retina, since it lacks autonomic innervation, whereas choroidal vessels have strong autonomic input. Retinal blood flow exhibits autoregulation over a wide range of perfusion pressures. Although initially controversial, autoregulation in the choroidal vasculature also occurs. While there is agreement that blood gases (pO 2 and pCO 2 ) control retinal blood flow, the choroidal circulation is largely insensitive to changes in pO 2 , and, in some species, to pCO 2 as well. In general, light stimulation has been found to have little effect in the choroidal circulation. This is in stark contrast to the retina, where the vascular responses to lightedark transitions and to flicker are well characterized.
Regulation of ocular blood flow in disease
Normal retinal and choroidal blood flow is altered in a number of disorders that affect the eye, including diabetic retinopathy, glaucoma, age-related macular degeneration, and Alzheimer's disease. Changes in responses to flickering light, as well as altered rates of basal blood flow, are observed under pathological conditions. The following sections detail changes in ocular blood flow that are observed under a number of conditions.
Diabetic retinopathy
Diabetic retinopathy is a microvascular complication of diabetes and a leading cause of visual impairment and blindness worldwide (Klein et al., 1984) . Alterations in retinal capillaries are the hallmark of diabetic retinopathy and include multiple occlusions due to increased leukocyte entrapment (Ogura, 2000) , increased permeability of the vessel wall with focal leakage occurring primarily at the location between the deep retinal capillary net and the ascending venules (Ben-Nun et al., 2004) and, in the proliferative form, growth of newly-formed vessels (neovascularization).
Retinal circulatory changes precede overt clinical diabetic retinopathy and include a reduction in the functional hyperemia response, the response to hyperoxic challenge, and changes in basal blood flow. Basal blood flow changes are characterized by retinal hypoperfusion in early diabetes with a shift to retinal hyperperfusion as diabetic retinopathy progresses. However, there are quantitative and qualitative inconsistencies in the data; for reviews see Pemp and Schmetterer (2008) , Curtis et al. (2009) , which can be explained by several factors, including the stage of diabetes, the techniques used, the site of measurement in the retina (e.g. nasal versus temporal; Grunwald et al., 1992) , and finally, demographic parameters. Similarly, conflicting results in diabetic animals is likely due to differences in species and strains and type of disease model used. Since glucose plasma levels are a determinant of retinal blood flow , acute and/or chronic hyperglycemia may also contribute to contradictory findings concerning retinal blood flow during different stages of diabetes and diabetic retinopathy (Grunwald et al., 1987) .
Hemodynamic dysfunction in diabetic retinopathy
Several studies have documented a reduction in light-evoked vasodilation in diabetic patients (Garhofer et al., 2004b; Nguyen et al., 2009; Pemp et al., 2009) (Fig. 16A ). This reduction in the functional hyperemia response has recently been reproduced in an animal model of diabetic retinopathy Newman, 2010, 2012) . Importantly, the reduction in the vasodilatory response in patients and in an animal model is observed before the appearance of overt clinical retinopathy (Mandecka et al., 2007; Mishra and Newman, 2010) . Therefore, vascular responses to flicker stimulation can be a useful screening tool for early detection of diabetic retinopathy (Nguyen et al., 2008; Mishra and Newman, 2010) , see also Section 7.5. The reduction in flicker-induced vasodilation in an animal model of diabetes has been reversed by inhibiting the enzyme inducible nitric oxide synthase (iNOS) Newman, 2010, 2012) (Fig. 16B and C) . iNOS inhibition is believed to be efficacious because it lowers nitric oxide levels, which interfere with neurovascular coupling mechanisms (Metea and Newman, 2006) .
Other studies on hemodynamic abnormalities in retinal circulation focus on blunted autoregulatory responses to hyperoxic/ hypoxic challenge. Fallcon et al. speculated that the smaller hyperemic response to hypoxia seen in the capillary macular region in proliferative retinopathy is due to the presence of large areas of non-perfusion in the diabetic retina (Fallon et al., 1987) . In large retinal vessels, a smaller than normal reduction in blood flow velocity during pure oxygen breathing has been reported before the onset of overt retinopathy (Grunwald et al., 1984a (Grunwald et al., , 1984b . In another study, when hyperoxia was imposed on patients with early diabetic retinopathy, there were no hemodynamic effects (although diabetic subjects had basal vascular abnormalities). However, hyperoxia did reverse the visual dysfunction present in the patients, i.e. a reduction in contrast sensitivity (Harris et al., 1996b) . Further, the fact that diabetic retinopathy is frequently a focal disease with microaneurysms and capillary segments with reduced perfusion/blood flow, leads us to suggest that detection of hemodynamic dysfunction could be more sensitive if undertaken near sites of microaneurysms and capillary dysfunction.
Neuronal and glial dysfunction in diabetes
Although clinically observed microvascular changes are the hallmark used to classify diabetic retinopathy, there are also significant neuronal and glial changes that occur early during the development of the disease.
Changes in the electroretinogram (ERG), a measure of neuronal function in the retina, occur in early stages of diabetic retinopathy. There is a reduction in the amplitude of the ERG a-and b-waves (Barber et al., 1998; Phipps et al., 2004) as well as changes in the oscillatory potentials (Hancock and Kraft, 2004; Lecleire-Collet et al., 2011) , which are generated by inner retinal neurons. Morphological studies have confirmed that diabetes results in a loss of retinal neurons (Martin et al., 2004) ; for review see Barber et al. (2011) . Neurodegenerative changes in early diabetic retinopathy also occur in photoreceptors (Park et al., 2003) , as well as within the inner-nuclear layer (van Dijk et al., 2009 ). The neuronal cell loss was shown to induce microglial reactivity (Zeng et al., 2000) .
In animal and human studies of diabetic retinopathy, a number of changes are observed in Müller glial cells. These include increased expression of glial fibrillary acidic protein (GAFP) (Barber Fig. 16 . Reduced functional hyperemia response in the diabetic retina. A, Flicker-induced dilation of retinal arteries and veins is reduced in patients with type 1 diabetes; from Pemp et al. (2009) . B and C, Flicker-induced vasodilation is reduced in the diabetic rat retina. The iNOS inhibitor aminoguanidine, given intravenously (diabetic AG-IV), or in drinking water (diabetic AG-H 2 O), reverses the loss of vasodilation; from Newman (2012). et al., 2000; Mizutani et al., 1998) , a sign of reactivity, downregulation of glutamine synthetase, upregulation of iNOS (Mishra and Newman, 2010) , a loss of osmotic balance associated with a decrease in K þ currents, and a disruption of voltage-dependent cell functions (i.e. uptake of neurotransmitters) (Pannicke et al., 2006; Bringmann et al., 2002) . Disruption of glutamate uptake could contribute to excitotoxicity of retinal neurons due to accumulation of glutamate (Puro, 2002) . As reviewed above, disruption of glial-mediated neurovascular coupling is believed to be responsible for reduced light-induced vasodilation in the diabetic retina.
Pericyte dysfunction in diabetes and other disorders
Although changes in pericytes have been observed in pathology in many vascular beds, the changes that occur in retinal capillaries are by far the best documented; reviewed in Motiejunaite and Kazlauskas (2008) , Hamilton et al. (2010) , Armulik et al. (2011) . The loss of pericytes in retinal microvessels is one of the earliest morphological changes that takes place in diabetic retinopathy (Cogan and Kuwabara, 1967) (Fig. 17) . Pericyte loss is associated with development of microaneurysms and shunt vessel formation in the diabetic retina (Speiser et al., 1968; De Oliveira, 1966) . Increased blood glucose concentrations could contribute to pericyte loss (Kern and Engerman, 1995; Kern et al., 2000) . Cell culture experiments have demonstrated that high glucose increases apoptosis in retinal pericytes Pomero et al., 2003) . As pericytes from adult retina show little, if any, replicative capability (Engerman et al., 1967) , accelerated apoptosis can readily account for pericyte dropout and the formation of pericyte ghosts e the empty pockets in the basement membranes at the sites from which pericytes have disappeared. Growing evidence suggests that pericytes can be actively depleted under hyperglycaemic conditions by non-apoptotic mechanisms as well. For instance, reduced pericyte coverage of retinal capillaries occurs as a result of pericyte migration from underlying vessels into the perivascular parenchym and involves angiopoetin-2 and its tyrosine kinase receptor, Tie-2 (Pfister et al., 2008 (Pfister et al., , 2010 .
A common pathophysiologic mechanism linking chronic hyperglycemia to pericyte pathology is mitochondrial overproduction of reactive oxygen species (Li et al., 1998) and increased formation of advanced glycation end products (AGEs; Stitt et al., 2004) . Activation of protein kinase C (PKC), aldose reductase (Robison et al., 1990 ) and active nuclear factor (NF-kB; Romeo et al., 2002 ) also contribute; see reviews by Obrosova and Kador (2011), Zong et al. (2011) . The link between glycation and oxidative stress was directly demonstrated in an in vivo model of diabetes (Brouwers et al., 2011) . Pericyte apoptosis in hyperglycemia has also been attributed to the loss of the survival actions of plateletderived growth factor (PDGF) (Haribalaganesh et al., 2009; Geraldes et al., 2009) .
The molecular basis for hyperglycemia-induced changes in pericyte function include closure of gap junction pathways in retinal microvessels and inhibition of Cx43 expression and subsequent vascular cell apoptosis and development of acellular capillaries (Oku et al., 2001; Bobbie et al., 2010) . In addition, there are several lines of evidence demonstrating compromised contractile activity of retinal pericytes, as a consequence of the diabetesinduced alteration in ion channel function and Ca 2þ homeostasis; reviewed by Puro (2007) . Impairment of voltage-driven vasomotor responses through inhibition of voltage-dependent calcium channels by spermine (Matsushita et al., 2010) or inhibition of endothelin-1 (Et-1) e evoked pericyte contraction via disruption of ET A receptor signaling have been implicated. Another early histopathological sign of diabetic retinopathy of relevance to pericyte function is the thickening of the basement membrane resulting from increased synthesis of collagen IV, fibronectin, and laminin and/or reduced degradation by catabolic enzymes; reviewed by Gardiner et al. (2007) . Modification of vascular basement membrane may reduce bioavailability of prosurvival factors for retinal pericytes and inhibitors of angiogenesis in the eye, i.e. PDGF (Lindblom et al., 2003) . In general, the physiological consequences of compromised two-way communication between endothelial cells and pericytes manifest themselves as a loss of functional integrity of the capillary unit; reviewed by Armulik et al. (2005) . In the retina, mural cell loss and/or dedifferentiation, characterized by aberrant cell phenotype and reduced desmin ensheathment ratio (DER) e a quantitative measure of the pericyte-endothelial cell interaction and vessel stability (Chan-Ling et al., 2004b) , were also implicated in formation of neovessels in the retinopathy of prematurity (Hughes et al., 2007) .
Alterations in pericytes with age might also contribute to the development of age-related morphological and physiological abnormalities of the retinal vasculature. In two independent studies of the rat retina, aging caused the breakdown of normal vascular architecture, i.e. increase in number of acellular capillaries, loss of capillary patency, and reduced pericyte-endothelial cell contact (Hughes et al., 2006) . These changes resembled the anatomical and histological lesions associated with impaired vascular regulation seen in diabetic retinopathy Roy et al., 2010) .
Pericyte pathology is associated with a reduction in blood flow seen in models of retinal ischemia (Yemisci et al., 2009 ). In the brain, experimental ischemia caused by occlusion of the middle cerebral artery results in the constriction of pericytes and reduction of blood flow in capillaries. Constriction is caused by both oxidative and nitrative stress and persists even after the occlusion is removed. Reperfusion-induced oxidative and nitrative injury contributes to pericyte pathology and perhaps to the reduction in blood flow observed following stroke. Retinal pericytes show similar constriction following exposure to oxygen-glucose deprived solution, in an ex vivo model of ischemia (Yemisci et al., 2009 ).
Glaucoma
Glaucoma is one of the most common causes of blindness in industrialized nations (Quigley and Broman, 2006) . It is a family of optic neuropathies characterized by the selective loss of retinal ganglion cells and their axons, resulting in progressive reduction of the visual field. Although elevated intraocular pressure has been identified as a primary risk factor for development of glaucoma, the disease progresses in a large portion of patients despite therapeutic intervention to lower intraocular pressure (Leske et al., 2007) . Abnormal vascular regulation at the retinal, choroidal and peripapillary level are associated with pathogenesis of the disease (Kornzweig et al., 1968; Grunwald et al., 1984b; Ulrich et al., 1996) . Recent observations demonstrate that retinal vascular reactivity to normoxic hypercapnia is reduced in patients with untreated and progressive primary open-angle glaucoma (Venkataraman et al., 2010) . Compromised autoregulatory capacity, i.e. a larger increase of choroidal blood flow in open-angle glaucoma patients in response to exercise-induced blood pressure rise, is also observed (Fig. 18A) (Portmann et al., 2011) .
Elevated intraocular pressure associated with glaucoma is expected to cause decreased ocular blood flow and microangiopathy. Indeed, several studies have shown decreased blood flow in the optic nerve head, retina and choroid in patients with glaucoma (Michelson et al., 1996a; Findl et al., 2000b; Grunwald et al., 1998; Portmann et al., 2011; Wang et al., 2011b) (Fig. 18A) . A decrease in the number of capillaries in the optic nerve head and the atrophy of the peripapillary capillaries supplying the retinal nerve fiber layer has been reported (Kornzweig et al., 1968; Gottanka et al., 2005) .
A relationship between glaucomatous optic neuropathy and the endothelin system has been demonstrated. Chronic local administration of endothelin-1 to the optic nerve head induces a reduction in optic nerve head blood flow and is associated with a loss of retinal ganglion cells (Chauhan et al., 2004; Cioffi et al., 1995) . Moreover, plasma levels and aqueous humor concentration of biochemical markers of endothelial function are higher in glaucoma patients, supporting a role of endothelin in optic nerve ischemia (Kaiser et al., 1995; Sugiyama et al., 1995; Ghanem et al., 2011) . Oral administration of dual ET A and ET B receptor antagonists significantly increased retinal, choroidal and optic nerve head blood flow in patients with glaucoma as well as healthy subjects ). Vascular dysregulation related to an imbalance of endothelium-derived vasoactive agents in glaucoma patients e see also Flammer and Mozaffarieh, 2008 , occurs at the level of small ocular vessels, as well as retrobulbar vessels (Galassi et al., 2011) . In light of the observations by Grieshaber et al. (2007) , dysregulation of the ocular circulation in combination with activation of retinal astrocytes and Müller cells may underlie the pathogenic events in the onset of open-angle glaucoma; reviewed in Prasanna et al. (2010) .
Age-related macular degeneration
Age-related macular degeneration (AMD) is the major cause of irreversible blindness in elderly patients worldwide. The stages of age-related maculopathy are categorized as early, with presence of drusen and minor visual symptoms, and late, encompassing both dry (geographic atrophy) and wet (neovascular), in which severe loss of vision is common (Bird et al., 1995) .
The hypothesis that clinical manifestations of AMD are attributable to impaired choroidal perfusion has gained support in recent studies; these are summarized in previous reviews: Harris et al., 1999; Lutty et al., 1999; Ciulla et al., 2002; Pemp and Schmetterer, 2008 . In brief, reduced choroidal flow velocities in patients with AMD have been measured Uretmen et al., 2003) . Increased mean times for arterial, capillary, and venous filling, and reduced capillary density in patients with AMD, indicative of reduced choroidal blood flow, have been reported using angiographic techniques (Ciulla et al., 2002; Prunte and Niesel, 1988) . Abnormal choroidal blood flow in AMD has also been suggested based on laser Doppler experiments (Grunwald et al., 2005; Xu et al., 2010) , pneumotonometry (Chen et al., 2001; Mori et al., 2001 ) and interferometry (Schmetterer et al., 1998) (Fig. 18B) .
The hemodynamic model of AMD pathogenesis postulates that increased scleral rigidity due to atherosclerotic plaque formation results in an increased resistance to blood flow and abnormal venous drainage in the choroid (Friedman et al., 1989) . This, in turn, alters retinal pigment epithelium function, causing accumulation of lipoproteins and subsequent retinal damage (RPE atrophy, abnormal Bruch's membrane permeability) seen in early AMD; reviewed by Friedman (2008) . Progression to the neovascular stage involves angiogenic factors such as VEGF, which are induced by hypoxia and ischemia (Kliffen et al., 1997; Frank, 1997) . The subject of increased scleral rigidity in AMD patients with choroidal neovascularization has also been investigated (Pallikaris et al., 2006) . An alternate pathological model of AMD postulates that drusen formation causes an aggressive inflammatory response in genetically predisposed individuals (Kubista et al., 2011; Williamson et al., 2011) , and the inflammation then causes secondary damage to the retinal pigment epithelium; reviewed by Anderson et al. (2010) .
Although changes in the RPE have classically been identified as the principal causative factor in AMD, it is now recognized that the inner retina and, more specifically macroglia, are also involved in the disease. Changes in the inner retina in AMD patients that resemble advanced retinal aging have been reported. These changes included hypertrophic reactive astrocytes at the inner surface of the retina, with filaments forming dense packs (Ramirez et al., 1996; Mansour et al., 2008) and Müller cells with GFAP immunoreactivity displaying loss of structural integrity (Wu et al., 2003b; Ramirez et al., 1996) . More importantly, a reduction in the ratio of astroytes to neurons have been reported in the aged rat retina (Mansour et al., 2008) , suggesting a compromised ability of astrocytes to maintain homeostasis during aging. Since AMD is a disease of aging, this change in astrocyte to neuronal ratio may partly underlie the pathogenesis of AMD.
Alzheimer's disease
Recent studies suggest that structural abnormalities of the brain vasculature and the dysregulation of blood flow contribute to the pathogenesis of Alzheimer's disease (AD) (Girouard and Iadecola, 2006; Grammas et al., 1999) . Individuals with AD have visual abnormalities in contrast sensitivity, motion and depth perception, color discrimination, and blurred vision; for review see Guo et al. (2010) . Classically, these defects were attributed to cortical disease (Justino et al., 2001; Kergoat et al., 2002) . However, a growing number of reports document the involvement of the retina in the neurodegenerative changes present in AD. Recent studies investigating retinal changes in mouse models of AD have shown immunoreactivity against amyloid-b in the cells of the ganglion cell and the nerve fiber layers. Amyloid-b deposits were also detected in the retinal and choroidal microvasculature (Ning et al., 2008; Shimazawa et al., 2008) . These changes were associated with increased microglial reactivity (Perez et al., 2009; Howlett et al., 2011) ; reviewed by Chiu et al. (2011) .
Histological studies have revealed degeneration of optic nerve axons and a loss of retinal ganglion cells in AD individuals (Parisi, 2003; Iseri et al., 2006) . Electrophysiological investigations reveal abnormalities in the pattern electroretinogram with delayed implicit times and reduced amplitude, indicating abnormal retinal ganglion cell function in subjects with AD (Parisi, 2003) .
Recent studies support the hypothesis that abnormal cerebrovascular function is involved in the progression of AD (Ruitenberg et al., 2005) ; reviewed by de la Torre (2009). This could be true for retinal blood flow as well. Hemodynamic data from patients with mild or moderate AD revealed a significant narrowing of retinal veins and reduced venous blood flow accompanying neuronal damage (Berisha et al., 2007) . Based on the finding that AD patients have amyloid-b/collagen fibril deposition in the walls of cerebral vessels (Vinters et al., 1996; Kalaria and Pax, 1995) , it is legitimate to speculate that retinal hypoperfusion also results from an increase in venous wall thickness, resulting in a narrowed lumen (Michelson et al., 2007) . This hypothesis remains to be demonstrated experimentally. It will also be important to determine whether functional hyperemia and autoregulation are compromised in the retinas of AD patients.
Retinal microvascular changes as a screening tool
The transparency of the ocular media combined with the fact that the retina is developmentally an extension of the brain, makes the eye an ideal location for the detection of systemic diseases that affect the microcirculation. Screening and early diagnostics of cardiovascular pathologies are growing in importance because of increasing life expectancy in industrialized countries. Routine ophthalmoscopic examination has long been an element of prognostic assessment for diabetes and hypertension. Epidemiological studies focus on a spectrum of quantitative and qualitative retinal vascular manifestations including retinal arteriolar dilatation (Cheung et al., 2008) , retinal arteriolar narrowing (Nguyen et al., 2008; Grauslund et al., 2009) , and a smaller ratio of the retinal arteriolar to venular caliber e due to either narrower arterioles or wider venules (Wong et al., 2005) . Alterations in microvascular geometry, with larger arteriolar branching angle and increased arteriolar tortuosity being markers of diabetic microvascular complications (Sasongko et al., 2010) and, venular caliber, being associated with systemic inflammation (Wong et al., 2006) , have also been examined. Clinical studies can also benefit from new methodological approaches that focus on dynamic retinal vessel responses to stimuli such as light stimulation, hypercapnia and hyperoxia, and changes in perfusion pressure.
Future directions
While much is known about the development of the retinal and choroidal vasculature, the structure of the vascular unit and the contractile machinery of vascular smooth muscle cells, mechanisms mediating neurovascular coupling, and the responses of retinal and choroidal vessels to visual and autoregulatory stimuli, many questions remain to be answered. Several key issues that remain to be addressed are outlined in the following paragraphs.
Although there is a detailed understanding of the growth factors that regulate angiogenesis in the eye, little is known regarding the nature of the regulators of vasculogenesis. What are the growth factors that regulate formation of retinal and choroidal blood vessels via vasculogenesis? Since the development of the central one-third of the superficial human retinal vascular plexus and the majority of the human choroidal vascular plexus occurs via vasculogenesis, identification of vasculogenic growth factors could have a major influence on the treatment of retinal and choroidal neovascularisation that is not responsive to VEGF 165 treatment.
New insights are needed regarding changes that occur with aging and pathology in the ability of the choroidal vascular plexus to regulate its blood flow. This vascular plexus supplies the retinal photoreceptors, and any change in its ability to regulate blood flow could have major implications for the health of the photoreceptors.
We know little about the functional significance of the absence of desmin intermediate filaments in choroidal pericytes and about the paucity of pericyte ensheathment on the ability of the choroidal plexus to regulate blood flow. Do compensatory mechanisms exists that allows for the regulation of choroidal blood flow?
The mechanisms mediating neurovascular coupling in the retina remain unclear. Recent evidence suggests that the release of arachidonic acid metabolites, including PGE 2 and EETs, from retinal glial cells is largely responsible for mediating light-evoked vasodilation. But does the release of vasoactive agents from neurons directly onto vessels also contribute to functional hyperemia? Do NO, adenosine, lactate and K þ also function as neurovascular signaling agents in the retina, as they do in the brain? Pericytes respond to neuronal activity and vasoactive agents by relaxing or constricting. Yet we do not know whether these cells actively regulate retinal blood flow in capillaries, either under normal or pathological conditions.
Reported responses of the choroidal vasculature to photoreceptor stimulation and autoregulatory stimuli vary depending on species and even between different laboratories investigating the response. Photoreceptors depend on the choroidal circulation for oxygen and glucose and new insights into how choroidal blood flow is regulated are needed. Further, we do not know whether all species represent suitable models for characterizing the regulation of retinal and choroidal circulation in humans.
The loss of functional hyperemia is one of the earliest changes to be detected in diabetic retinopathy. Yet, we do not understand the functional consequences of the loss of this vascular response. Does the loss of functional hyperemia lead to retinal hypoxia and to the death of neurons or vascular elements. A better understanding of this process may lead to new therapies for preventing diabetesrelated blindness.
Little is known about how increases in intraocular pressure accompanying glaucoma affect retinal or choroidal circulation.
Such knowledge could lead to new insights into the role of vascularassociated changes in the etiology of glaucoma-related blindness.
